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AN AIIALYSIS OF THE FACTORS THAT AFFECT TEE EKHAUST PROCESS

OF A FOUR-STROKL C¥CIE RECIPROCATIWG ENGINE

!

By John D Stanitz

L SUMMARY
An analysis of the factors affecting the exhaust process of &
four-stroke-cycle reciprocating engine was made by investigating
the effect of changes in these factors upon the calculated cylinder
pressure near the end of the exhaust period. If the effects of . the
exhaust pipe can be neglected and the. variatian in exhaust-valve
flow coefficiern’ with engine crank argle  can be apyroximated by a
sine curve, the signiricant factors affecting the exhaust proceas -
are found to be the gas-velocity parameter (which includes the.
averege plston-speedy the niston area, the speed of sound in the
gases at the effectlve exhaust-valve openlng angle, the exhaust-'
valve flow coefficient at the maximunm valve 1ifs, and the nominal
exhaust-valve area), the initial gas-pressure ratio (which is tne
ratlo of the cylinder pressure at the effective exhaust-valve | R
orening angls to the exhaust pressure), and the effective exhaust- =
valve cloging angle. The factors that have an insignificant ef;ect
upont the exhaust process were found to be the effective exhaust-
valve opening angle, the compression ratio, snd the crank ﬁh;ow _
to connecting-rod length ‘ratio.

1
i
|

The analysis further showed that. for most of the practical
onerating conditions, no optimum ratio of intake- to exhaust-valve
area existe and the intake-manifold pressure does not have a slg— . .
nificant effgect upon the exhaust process. R s e

A maximum value of the gas-veldcity parameter equal to 0,325
is recormended. From this value the minimum exhaust-valve ares
cen be calculated for any given piston speed and niston area.

From the enalysis it is concluded that closing the exhaust
valve late is the most effettive method of keeping cylinder pres-
sure low near the end of the exhaust siroke, as the value of the )
gag~velocity parameter is increased, : S e
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The results of thig analysis can be used to estimate the cylinder
preasures at 20° B.T.C. during the exhaust stroke of any engine. The
magnitude of this estimated cylinder pressure is -indicative of the
adequacy of the exhaust-valve size and timing; high values of this
Preasure indicate the need for lsrger exhaust valves or different
7alve timing.

INTRODUCTION

An investigation was made to determine the relative gignif-
lcance of the factors that affect the exhaust process; the effects
that an exhaust-process change has on cylinder charging were —
given speclal attention, Such a detailed study hasa not been
reported elsewhsre although a number of investigators have experi-
mented with one or another of the various factors, which are the
gas-veloclity parameter, the initial gas-pressure ratio, and the
sffective exhaust-valve closing angle. An analysis of these factors '
requires the determination of their effect on the cylinder pressures
neeyr the end of the exhaust gtroke. 7I1hess pressures can be calcu- _
lated Qhy means of a differential eguation that relates the piston '
motion to the flow of gases through the exhaust volve, Differentisl
squations of this nature have been doveloped by Kemble (reference 1)
but the forms of these equations are such that general conclusions
regarding the various factors affecting the exhauat process cannot
be determined.

A generalized form of the differential equation 1s presented,
which was so developed that the calculated results are sprlicahle
to most four-stroke-cycle reciprooating engines and may be usged to
srrive al generasl conclusions regarding the relative significanco
of the various Pactorsg affecting the sxhaust process. The range of
Tactors invesgtigated ls sufficiernt to cover any practical case that
wight arise and special effort has been nade to include the low
initial gae-pressure ratlos that correspond to the high back pres-
sures currently used by reciprocating engines in combination with
exhaust-gas turbines.

SYMBOLS
The following symbols are used in the nnalysis:

Ag nominel exheust-valve area, (sq izn.)

Ap plston ares, (sg in.)
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C exhaust-valve flow coefficient at angle @

Ca average flow ccefficient of exhaust valve for sine-wave _
valve~-1ift curve epproximation

Cqa average flow coefficlent of exhaust valve for actual valve-
1lift curve

Chax sxhaust-valve flow coefTiclient for maximum valve 1lift

co speed of sound at Ty, (ft/sec)

a nominal valve dismeter, (in.) )
L .

1 r ~ 1

v-v

o ——c

7 (av/ae)

3 p

acceleration of grevity, (ft/secz)

velve 1ift at.crank angle 6, (in.)

1 connecting-rod length, (in,)

m gas mass, (1b)

it} engine speed, (rpm)

P cylinder pressure at crank angle 6, (1b/sq in.)

Pg exhaust pressuve, (1lb/sq in.)

r/P, gas-pressure ratio

B, intake-manifold pressure, (1b/sq in.)

Py cylinder pressure at crank angle 6, (1b/sq in.)__

Pz40 cylinder pressure at 340° A,.T.C., (1b/sg in.)

R gas constant, (£%-1b/1b/°F absolute)
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r compresalon ratio

S . average piston speed, (ft/min)

s crank throw, (in.}

T gas temperaturs, (°R)

Ty gas temperature at . €5, (°R)

t time, (sec)

v gas volume, (cu in,)

Vo1 clearance volume, {(cu in.)

Vp displacement volume, (cu in,)

2 crank angle, (radian) il

V4 ratlo of svpecific heats

8¢ effective exhaust-valve closing angle, (radiane A.T.C,)
6 actuasl exhaust-valve closing sngle, (rediane A.T.C.)

8o effective exhaust-valve opening angle, (radlans A.T.C.)
64 - actual exhaust-valve opening angle, (radians A.7.C.)

40 angular increment, (radian)

¢ gas-velocity Teremeter

AJAI!?ID
The assumptions neceusary to calculate the cylinder nressuros
during the exhaust process, which have been stated by Kermble
(reference 1)}, ave: S

1. The mixture of gases in toe cylinder can be treated as a
nerfect gas.

o. The Jrodess under consideration cerd be treated as isentroric,
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3. The rate of fiow through the exhsust valve can be calculated
by the ordinary formulas for steady flow torough an orifice with the
aid of experimental values of The exhaust-valve flow coefficients,

The third assumptlion requires that the exhaust-manifold pres-
aure be known and because the nressure veriaiions caused by inertis
pffects in long exhsust pipes cannot be accurately predicted, the ,
exhaust manlfold must be of suificient capaciiy or the exhaust plres
be sufficiently short that the exhaust pressure Py remains approx-

imately constant during the exhaust process.

Derivation of differential .equatlion. - The differential equa-
tion used to calculate the cylinder pressures duxring the exhsust
proceas has been developed by several investigators (for example
in reference 1), but this equation has been modified to include an
original method for treating the exhaust-~valve flow coefflclent,

The equatlon of state for a perfect gas is glven by

PV
5 = nRT _ _(1)

By taking the differential of equation (1) with respect to the crank
engle 6 and noting that

dm _ dm dt
a6 = 4t dae
equation (1) becomes
&P _ 4T 12RT dmw at _ &V (@)
Pde ~ Tde PV dt ae vae

For the isentropic expansion of the gas withln the cyllnde;, the
temperature varies with the pressure as

from which is obtained
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By combining equations (2) and (3)

6P _ 129RT dm dt _ y 4V (4)
Pa6 = PV dtc 46 ¥ ae

The differential dt/d® 1is equal to 6Q0/2xN. Therefore,

- 380 7 BT dm 7 d¥ " (5)
?de - nw RPV 4t  V dae

The eqaation relating the flow rate dm/at to the cylinder pres-
sure P and the exhaust pressure Fg wlll depend upon the

ratio P/Pe. During the first part of the exhaust process, the
_7

values of P/Pe arsa greater than \Z~———) ; therefore, the flow

through the valve 1s sonic and the flow rate is given by

! 2
am _ _@gz_(.lf) 2 71 |
at = © Ae'\!? +1 \®/\7+1) : (6)

The flow of ges 1s out of tae cylinder so bhe flow rate , dm/d* is
negative, .

When equations (S) and (6) are combined

! 71
_ -1
42 _ 360 7 = 2 N 2 &
Tag = " wav O Ae VYERT 4[{5T V6 (1)
Because T and P eare related by
v
T (EQ\ VA
P/

and the .apeed of sound corresnonding to the tempsrature in the cyl-
inder when the exhaust valve opans 1s

co _,Vyg RTO

s
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equation (7) becomes e e

& 380y -2y (8)

Pa6 - " w NV v a6 -

The cylinder volume V. a% '.the crank angle 6 is - -- -
V=TVp (f1 + 3) (2

and tne changs in :¢cylinier volume witn crank angle is glven D'rr
L o vy es L (a)

The factors f2' and fz are functlions of the crank angle and the
ratio-of crank throw to connecting-rod 1engtb s/z. Values of fgp
and - Ix car be dbtained Trom englneering handbooks. .

When equations (9) and (10) are substituted in ecuation (8)

o A
e 360 C Ae co - (529 \- " _3 :.: kll) o —
Fde = n WV \fy + T2/ \P A \7+1 T SR

Eéuation (11) is the differential equation that relates cylinder
pressure during the firet part of the exhaust process to the design

characteristics, thu cngine operating condit rons, and the crank
angle of the sngine. , _ . -

During the second part of the exhasust proceas, the.values of
- ) _L‘ . l
1\7-1 . e e
P/Ps are less than {1—+——\ . Consequently, flow through the

valvre is subsonlc and the flow rate corresponding to equat*on (6) is

2 y+l
R 2 P’--‘\")' / \7
dm _ 28y PT\{_e _©
% - CA@’\y—lR‘I‘(P “\F ) (12)

Substitution of this equation into equation (5) end introduction of
the same modifications used to derive equation (11) result in
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-y / ]_ 2 oyl
ap 560 C Agcn /., \(Po\ 2 2 (qu Pg\” r¥3
P4 - T w R Vp \fy + ig/ \'iv”,) 1\/7 - 1L -

(13)

Equation (13) is the differertial equation that relates cylinder
presgure during the second part of the exhaust process to the deslgn

characteristics, the’ ong .o operating conditions, and theo. crank anglc
of the engine.. "

Exhaust-valve flow coefficient €., - The exhaust-valve flow
coefficient for any valve Lift is determined under stesdy-Zlow con-
ditions by measuring the rate of air flow through the exhaust valve
and port with a fixed pressure drop across the valve, The exhaust-
valve flow coefiicilent is then defined as tre measured rate of air
flow divided.by the calculgted rate of alr flow based upon the
nominal valve avea. The naminal valve ares is the same for all
valve lifts and is equal to =d%/4, The velue of 4 selected is
immaterial inasmuch as the vroduct CAg used in the calculatioma
is independeat of the valve diameier so lovg as the values of C
and Ae are based on the same diameter.

A complete description of valve-flow test methods and appera-
tus is given in reference 2. The conventlonal method for plotting
valve-flow ccefflclent data produces a curve of valve-flow coeffi-
clent C agalnst the ratio of valve 1lift to valve dlameter L/a.
Such a curve is presented in figure 1 for engine A, which 1s a
typical high-speed alrcraft poppet-vaelve englne used as an example
in this report. For every velve lift therefore a valve-flow coeffi-
clent exists;.a curve of valve-flow ccefficlent against englne
crank angle can be platted if the variation In wvalve 1ift with
crank angle ig xnown, Such g curve has reen plotted in filgure 2
for angine A.

The valve-flow coefficients obtained under steady-flow condi-
tions can be used to celculste the cylinder pressure during the
exhaust—process (intermittent-flow conditions) because (1) the
steady- and invermittent-flow coefficients of poppet valves are
not ampreciably different (reference 3) end (2) the fiow coeffi-
cient of exhaust valves does not vary appreciably with the prea-
sure drop across the valve (reference-4).
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In order to express the variabtion in exhamnst-valve flow coeffi-
cient with engine crank angle a sine-curve approximation of the
exhaust-valve flow coefficient can be closely fitted to the actual
Plow-coefficient curve of nearly all high-speed aircraft engines.
For those few engines with a variation in exhaust-valve flow coeffi-
clent that cannot be .approximeted by a sine curve, the guantitative
results of this gnalysis are inapplicable although most of the
trends and conclusions probably can be applied. In order to fit
the sine curve to the actual flow-coefficient curve, 1t 1ls assumed
that:

(1) the value of the flow coefficient at the maximum valve
* 1lift is the same in both cases

(2) the total area under the curve of flow coefficient
plotted against crank angle is the same In both cases

From assumption (1) it follows that

8 - 6y % (16)
= Cpax sin  |n { —"t 4
2 €c - 6o/

The velues of 63 and 6, depend upon assumptlion (2) and upon .
the actual opening and closing angles 8) and 8i. The valuea
of 6,5 and 6 for a specific engine are found as follows:

The area under the curve of the actual flow coefficient
plotted against crank angle is - - -

Ares = L (éé - 84) | (15)

where Cj 1s tie average flow coefficient (reference 5). From
ecuation (14) the area under the approximate flow-coefficlent curve

is
e 6 -~ 6
pwen = [ a0 [ (3; -23
16, Y

[ )

'

= E—SEQE (6¢ - 8g) | (16)

By combination of equatioms (15) and (16)
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o
o

C
cs (e - Gé) = __;EEE (8¢ - eo)

oy : : : - S

—C;:-i; (68 - 83) (17)

WNTE

90'90=

For & symmetrical cam

(65 - 04 - (8o - €p)
8 = 84 + : (18)

and

6 = 64 - (8 - 835) ; (99 - 9) | (19)

By substitutlion of equation (17) into equations (18) and (19)

(8¢ - 65) : x Ca
6y = 64 + ——s—2- <1-§me> (20)
and
L (e -e) s 54 ) -
0y = 6L ~ —p9 (7 _ % (21)
° © e \ 2 Cyax

In oxrder to apply the results ef this analysis to a epecific
engine, knowledge or the valve timings 66 and 65 and the coelfi-
clents C3 and Gy, is necessary.. A comparison of the actusl
flew-coefficient curve with the approximate flow-coefficlont curve
given by equation (14) 1s shown in figure 2 for a typical aircraft
engine (engine A).

Final equations. - By substitution of equation (14) into egua-
tions (11) end (13), by division of the preasures in bcth equations
by the exhaust pressure Py, and because the guantity RVp 1e equal | i
te 6 SAP ‘the following equakiocns are obtalned: .
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For the firet part of the exhaust process
&

'ae(?z’”): T+ ip (P—P'>

a ) =
“3 (PO\ \—-_‘ 278111 ( (e _6‘20\] /\/7 2 1 + Tz (22)

For the second part of the exhaust process:

_d_/i‘)z '___z___/P\

d6 \ P, Ty + £ \Pg/

r’ -
1y 2 oza] |

i) H

1l %o <Pe\ =7 <9 - 65\ 2 /Py ,/lg’e)7 i

‘\EB[PJ —P'/_‘ o R T y -1 \F,; ~\P J+ '3
: l

L .
(23)

where

- . N - . . N N ﬁSA'p
y ' ¢ = 120 o Cnaxhe

and has the dharacteristics of 2 Mach number,

Gas-velocity parameter. - The gas-velocity parameter 4 is
important because it relates engine speed to exheust-valve area.
For exasmple, from equations (22) end (23) it is evident that for
the same initial conditions of exhaust-valve opering engine speed.
will have no effect upon the gas-pressure ratio P/Pe during the
exhaust strcke provided %“hat the exilaust~valve area and the flow
coefficient are so changed that ¢ remains constant. The signif-
icance of ¢ becomes apparent if 2 Cpgx/n 1is replaced by the
averagse value of the flow coefficient for the sine-curve apnroxi-
mabtion Cg. If this substitution is made, ¢ becomes equeal to

60 GO Ca Ae
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The effect of this perameter on volumetric af
to the intske system has been demonstrated in reference 5. The
parameter is probably equally important when apnlied to—the exhaust

system,
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ficiency when apvlied .

Representative values of the gas-velocity parameter ¢ are
given in the follecwlng table for a@evéral military alrcraft -engines

atl take-off snoeeds,
to 2500 feet per second.

The values are based upon a value of c¢g segqual

1Average Ratio of | Maximun |Gos-
:piston piston exhaust-{velocity
ispeed jarea to | valve parameter
Engine! (8) |exhaust- [flow | (¢)
valve coelffi-
larea cient
1 (Ap/he) | (Cpax)
A 2000 5,73 0.608 0.7297
B 2860 4,04 .440 .275
c 2800 4.20 493 .292

METHOD OF CALCULATION

Inasmuch as differential equations (22) and (23) relating gas-
preszure ratio to design characteristlica, operating conditions, and
crranik angle ceannot be integrated, it is necessary to resort to an
aprroximate point-by-point solution. In order to demonstrate this
mevhed of calculating the gas~pressure ratios during the exhaust
Process, an examnle has been calculated for the following asesumed
conditions:

Initiel ges-pressure ratio at 8y, Po/Po « « o = + o « o o « 2.3
Gas-veloclt paremeter, d e
Compression ratlo, * ", . v e e . 0 e . 4 C e s e s
Effective exhaust-valve opening, 85, degrees A._.C. e e o2 e o
Erfective exhaust-velve closing, 6, der‘reeq AT.C. + v «s « » 20
Ratic of smneciflc heats, vy . . . . . T A
Crenl: throw to connecting-rod length rat;o, s/Z C e e e e e . 0,250

The variatian of gas-pressure ratio with crank angle during the
Tirst part of the exhaust process is calculated by equeticn (22) for
sonic flow through the exhaust vslve. The change in gas-pressure

ratio with crank angle at the ‘effective exhaust-valve-opening angle
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is calculated by equation (22). Multiplication of the slope de (P )
8/
by a small angular increment gives the change in c¢ylinder pressure
that occurs during that enguler increment. The resulting pressure
at the new angle is then known and the slope at the new angle ig
calculated by use of equation (22). The process is repeated until
a crank angle is‘reacdhed at which the cylinder pressure is suffi-
clently ‘low thHat theé flow tlirough the exhaust valve Becomes subsonic
and equation (23) must be used to calculate the slope. The value of
the -gag-=pressure ratic &t wliich the flow becomes gubsonic ls

. dZI
fy + 1\
\ 2

g
Pe

For the value of the ratio of specific heats y assumed in this
exasmple, the value of P/Pg is 1.84. The calculations are pre-

sented in table I for the filrst part of the exhaust process.

When the gas-pressure rabio becomes less than 1.84, the rest
of ' the exhaust process must be.calculated by equation (23) for
subsonic flow through the exhaust valve. Calculations given for
this part of the exhaust process are listed in table II. The curve
of gas-pressure ratio agasinst crank angle from tables I and II is
plotted in figure 3. .

RESULTS AND DISCUSSION

An inspection of equations (22) and (23) and their derivatione
show that the shape of the curve of gas-pressure ratio (cylinder
preasure) plotted against crank angle during the exhaust process
is dependent upon the following factors:

Gas-velocity paramoter, @
Gasg-pressure ratio, P /Pe

" Effective exhaust-valve closing angle, 60
Effective exhaust-valve opening angle, €y
Compression ratio, r
Crank throw to comnsecting-rod length ratio, s/Z

The ratio of gpecific heats 9 was consldered to be invariable and
e value of 1.31 was used, which is approximately the average value
of y for exhaunst gases at the temperaturse existing during the
exhaust process (reference 6).
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Fach of thesme factors was invest*gated by varying its value
over a -sultablé range while the Femaining factors were held constant
at the following values:

Gas-velocity parameter, 4 . . . . . 0.225, 0.27S; 0.325, and 0.375
Gas-pressure ratio, Po/Pe P T - X3
Effective exhaust-valve closing angle, 6, ’

Gogrees A.ToC. v v v « « & o « o o ¢ o o o o 2 s o a s s s s+ 5
Effective exhaust-valve opeﬂing angle,’ 60, _ ) o _
“degrees ALT.C. "o LV L e s e s e e e w e s e s s o« 110
Compression ratio, ¥ . . . . ’ . e s e e e o 4 1.5

Crank throw to commecting-rod length rat;o, s/Z « s e o« e« 0,250

Becausge of 1ts importance, the factor 4 has been investigated over
a range of values in all cages.-

Inaemuch ag the gas-pressure ratio in the cylinder neaxr top
center during the exhaust stroke is indicative of the sxcellence of
the exhaust process, the effect of these factors on the exhaust
yrocess ia. indicated by plotting the gas-presgsure ratio 340° A.T.C.
P340/Pe agalngt the factor being investigated, The angle 340° A.T.C.
vas selected rather than top center becausé for nearly all alrcraft
englineg the intake valve 1ls not open or has not been open suffi-
clently long at this point to affect the calculated value of the cyl-
inder pressure.

Initial gas-pressure ratio, Pg/Pe. - The effect of the initial

gas-pressure ratic Pp/Pe on Pzyn/Pp is given in figure 4, The

range of initial gas-pregsure ratios investligated is considered to

be suff'icient to cover conditions encountered by compounded reclpro-
cating engines operating with high exhaust pressures (low values of
Pn/PG) and by highly supercharged reciprocating engines operating at
high altitudes '(high values of Pg/Pg). From an inspection of various

indicator cards (reference 7), it was found that the standard value
of PO/Pe equal to 9.33 at an engine crank angle of 110° A.T.C.

corresponds to & value of P,/Py approximstely equal to 1.7. The
value of By/Pe for a given effective exhaust-valve opening angle
should vary nearly in proyportlon to the valus of Em/Pe because

the magnitude of Pq varies in proportion to the alr consumption

which, 1n turn, 1s nearly proportional to Pp.

From figure 4 1t appears that for low gag-velocity parameters
(4 equals 0.225 and 0.275), P,/Pe has very little effect on

by
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P340/Pe for values of Pg/Ps up to 15, which for an engine crank
angle of 110© A,T.C., corresponds to a vaslue of Pm/?e equal to
&Pproiimately 2.75. Even for values of d corresponding to take-~
off speeds (¢ equals approximately 0.300, . table I) To/Pe has an
unimportant effect upon Pzgp/Pe Tor values of = Pg/Pe up to 10

or 12, which, for an ehgine crank angle of 110° A,T.C. corresponds
to values of . Pm/Pe .equal to approximastely 1.8 to 2.2. Therefore,

for most of the practical engine operating condltions. the -intske
menifold pressure’ Pp and the intake-valve area Ae, ‘which
determine the value of Pp, have little effect upon the Yalue of
P340/P9.= ConseQuently, there is no correct ratio of intake-to

- exhaust~valveé ‘sr¥ed nor JAg the exhaust-valve size aependent upon

the ratio of intake- to-sxhaust presgure., However, figure 4 also
Indicates that for gas-velocity parameters ' somewhat greatexr than
those iturrently in practice (values of ¢ wequal fo 0.325 or,
higher) the iniltisl gas- pressure ratio PO/PS can have a very .
significant effect on the value of Pzso/Pe and therefore. the:
ratio of” intake-to. exhaust-valve area and the, ratio of intake-
to-exhaust pressure may be significant considerations under these
conditions. )

Effective exhaust-valve closing angle, 6g. - The influence
of the effective exhaust-valve cloging angle &g on the gas-
pressure ratio Pzsn/Pe is shown in figure 4, which is plotted -
on reciprocal-coordinate paper. A comparison of these curves shows
that for all gas-velocity parameters (¢ equals 0.225, 0.275, 0.325,
and 0,375) the _&as-pressure ratio - P34o/?e decreases with increas-
ing values ‘of 8c. The aignificance of the effective exhaust-valve
closing angls on the back pressure in the cylinder at the intake-
velve opening is exhibited by the rapid decrease in Pzyq/Pe Wwith
increasing values of 8,5, especially at the high speeds (4 equal
to 0.325 and 0,375). The significant conclusion to be drawn from _
these curves is that for high-speed operation of a’ reciprocating
internal-combustion engine, the exhaust valve should be closed as‘
late as possibls to promote efficient cylinder charging. ‘Not only
1s the gas-pressure ratic Pzy0/Ps lower under these conditions -
but the time available for scavenging the clearsnce volums . ig-so’
inoreased that it appears doubly advantageous to close the exhaust
valve late, .

Effective exhaust-valve opening angle, 6p. - The_igflﬁsnés-
of the effective exhaust-valve opening angle 6p on the &as- -
pressure ratio- Pzyq/Ps 18 given in figure 5. For low values of =
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the gas-yelocity perameter (¢ equals 0,225 and 0. 275), late open-
ing of ‘the exhaust valve-results in decreasing values of P340 Pe
This characteristic exists because the exhaust valve is further open
at a crank angle "6 ©f 340° A.T.C. when the effective exhaust-valve

opening angle occurs near the bottom. center. (Note that the effective

exhaust-valve-closing aengle. is fixed.) At high englne speeds, how-
ever, sufficient tipe is not available’ for the exhaust gases to flow
out of the cylinder; therefore, although the exhaust valve is further
open at 340° A.T. C., the cylinder pressure is higher then it would
have been had the exhaust valve opened near bottom center. This-
characteristic is shoyn in figure 5 by the curve for ¢ equal to
0.325. For this’ particilar value of ¢, Pzuo/P, &t first falls
of f with increasing valuss of 6o Dbecause the exhaust valve is
further open.at 340°; when- 8y ‘oceurs too close to bottom center,
however, the time: availeble for the exhaust gases to flow out of the
cylinder is too short and the value of P34O Py Increases.

For very high valuee of the gae~velocity parameter (4 equals
0.375) the value of P34O/P increases with incresging values of
60 for all wvalues of: € investligated; therefore, for these ges-
velocity parameters it is advisable to open the exhaust valve as
early as possible to promote efficient cylinder charging. However,
for values of .¢ 1less than O. 350, changes in the effectlve exhaust-
valve opening angleé have little effect upon the valus of P34O/P
and therefore ‘on- cylinder cherging .The value of . 65 selected will
be determined by other'factors such as blowdown and pumping losses,
which can also be calculated by the equatione for. ges pressure given
1n this’ report: _ . . .

Compression ratlo,  r. - The effect of change in compression
ratio r ' on the gas-pressure ratio. P340/P is ehown in figure 6.
For ‘low gas-velocity paremeters. (¢ equels 0.225 and O. 275), r
hes no effect upon’ P340/P - but for gas-velocity parametere
slightly above clurrent take-off speeds (¢ gquals O. 325), conpres -~
slon ratioc begins to have some effect, the value of P34O/P
decreaeing with increasing compresslon: ratio., For very high gee-
‘velocity, parsmeters (4 equals O 375), the value of P340/P
decreages coneiderably with incredsing compression ratic and it is
therefore advantdageous to use a high compression ratio. For the
gas-veloclity parameters currently used in mulitary eircraft engines,
however, the effect of the compression ratic on the ¢c¥linder pres-
sures 18 sco Insignificant that the compression ratio need not be
congidered in determination of the oorrect size and timing of the

exhaust valve. : B .

e
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Ratio of crank throw to connecting-rod length, B/Z. - The
value of 8/, used in the calculations is 0.250., veiues of s/1

uged in several. military alrecraft engines are given in the following
table: : . .

Crank {Connecting~|Ratioc of crank
throw|rod length |throw to
Engine 8 A connecting-
(in.) (in.) : |rod length

s/Z

A 3.000¢ 10.00C 0.300
B 3.438 13.750 C.250-
c 3.000f 12,3312 .44

The s/1 ratios do not very greatly among engines and as the
ratio has little effsct on piston motion, no cylinder-pressure
. curves have been calculated for different values of _s/z.

Relative significance of factors affecting exhaust-valve size. -
As a result of the foregoing analysis, the factors that affect tue
process can pe classified as slgnificant or insignificant, These
factors have veen grouped in the following list in ths order of
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gignificance:

Significant factors tkat must bs considered

1l. Gas-velcdcity pesrameter, ¢
2. Gas-pressure ratlo, Pp/Pe

3. Effective exhaust-valve closing anale, 8a ,

Insignificant factors for values of . ¢ leps than auproximately
0.350

1. Effective sxhaust-valve opening angle,
2, Compression ratio, r

3. Crank throw tc connecting-rod length ratio, S/Z

€

Recommendsd values of gas-veloclty parameter, ¢. - The gas-
velocity parametser ¢ interrelastes the exhauvst-valve slze with the
piston speed, plston srea, and the exhaust-valve flow coefficient
at maximum valve 1lift, Thus, if a maximum value of ¢ can be
recammended, a maximum valus of engine spsed for a given valve slze

or the mimimum size of exheust valve required for a gilven engiue
spesed 1s knowm.
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According to the values of P540/?e obtained from figures 4
to 6, the cylinder-charging process would be adversely affected by
values of ¢ greater than 0.325 because of the high values of
Pz40/Pe ‘that exist for thess gas-velocity paremeters, The recom-
mendation is therefore mede that the meximum value of ¢ be no
higher than 0.300 to 0.325,

ACCURACY OF RESULTS

The accuracy with which the calculated results of this analysis
can-be used may be affected by one or all of the following factors:

1, Effects of exhaust pipes -
2. Selected value of ratlio of specific heats, 7y

3. Angular increment used in the point-by-point solution of
the differential equation '

4. Sine-curve spproximation of the exhaugt-valve flow
coefficlent,” C

The assumption previously stated, which requires that the exhaust

manifold bo of sufficlent capacity or the exhsust pipes be suffi-
ciently short in order that the exhaust pressure Pg remains approx-
imgtely constant during the exhaust process, must be satisfisd
because inertia effects in long exhaust pipes can completely change
the magnitude of the cylinder pressures during the entire exhaust
process, : :

The effect of the selected value of ratio of specific heats 7
on the gas-pressure ratio P549/Pe is shown in figure 7 for two
values of the gas-veloclty parameter d. For low values of gas-
veloclty parameter ¢ the valus of ratioc of specific heats vy has
no siznificant effect on gas-pressure ratio Pxyg/Pe but for highex
velues the effect becomes significant. Because the gas temperatbures
end composition are sufficlently wsll known to enable a falrly
accurate selection of ratio of specific heats ¥y (L.31 has been
selected based on material presented in reference 8), no significant
srror should result from & small error 1n the selected value of 7.

The effect of angular increment A8 on the calculated wvalues
of gas-pressure ratio P340/Pe i1s shown in figure 8 for the complete
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range of gas-veloclty parameter ¢. For low values of the gas-

velocity parameter d, which result in low values of gas-pressulre -

ratio P340/Pe, the error introduced by calculating the pressure

curve with 19°© interwvales 1s of no consequence; however, large valiues
of gas-velocity parsmeter ¢ (and high values of initial gas-
pressure ratio Py/Pg) - generally result in relatively large rates
of change in cylinder pressure with change in crank angle near the
end of the exhaust stroke and therefore errors csused by the point-
by-point solution of' the différentisl egquation become insignificant
under these conditions, As all calculations for this report were
made using 10° intervals, calculated values of gashpressure ratle
P340/Pe that are large can be expected to be somewhat lowor than

would be obtained by an sxact solution of thoe differential equatioh!

In order to show the effect of the sine-curve approximation
on the curve of gas-presaurs ratio plotted against crank angle,
calculations using the actual and the approximate values of the
flow coefficients for engine A are plotted in figure 9. No signif- °
icant difference in the curves exists; however, earlier exhaust- o
valve closing angles than those used on engine A result in rels-
tively large differences between the actual and thﬁ approxxmate i
values of the flow coefficient C at the crank angle corresponding
to gas-pressure ratilo Pz4o/Pe, therefore, errors caussd by the
valve-flov-coefficient approximation can be significant if the
effective exhaust-valve closing angle &g occurs néear top center.
For the same reason, the results of this analysls would be inaccu-
rately applied to those few engines having a varistion in exhaust-
valve flow coefficient that cannot be closely approximated Dy
the sine curvs.

APPLICATION OF RESULTS ' e T

Although the principsl purpose. of this analysls wva3 to dster-
mine the ielative significance of the various factors that affect
the exhsust process, the results can also bs used to estimate the
cylinder pressure at 20° B.T.C. The cylinder pressure at this
crank angle 1s of interest because high valucs indicate high cyl-
inder back pressures at intake-valve opening and may thercfore
explain low values of volumstric stfficiency.

As an example, the cylinder preasure in enginth at 200 B.T C )
during the exhaust vrocess will be estimated from the plots for.an
initlal gas-pressure ratio PO/Pe agual to 9. 33 and for an engine

speed of 3200 rpm. Under these conditlons the value of gas- -volocliy )
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paramoter . is 0}317. The exhgust-valve closing angle €4 is

26° A.T.C. and the exhaust-valve opening angle 65 is 104° A.T.C.;
inasmuch as the values of actual exhaust-valve flow cosefficlent Cj
and the maximum exhaust-valve flow coefficient Cpgpyx are 0.373 and

0.608, respectively, the value of effectlve exhaust-valve closing
angle  .B; .calculated by eguation (21) is 21°, From figure 4(v) the
calculated value of Pzyq/Fe 1s found to be 1.22.

Results of this analysis can also be used to determine the effect
on cylinder charging of changing the exhaust-valve timing by shiftlng
the exhaugt-valve cam. In this case both the effectlve opening angle
and the effective cloging angle are changed and all other factors
remain the sams. The analysis showe that the change in effecivive
exhaust-valve opening angle is insignificant (from the standpoint of
cylinder charging) and therefore only the change in effective exhausi-
valve closing angle nmead be considered and the magnitude of its effect
may be obtained from figure 4. '

CONCLUSIONS

If the variation in exhauvst-valve flow coefficient with englino
crank angls can be approximated by a sine curve and the eflfects of
oxhaust pipes and manifolds can be neglected, the following conclu-
gions can be made as a result of an analysis of the exbazust process
of a typrical high-speed poppet-valve engins

1., The factors that have a significant effect upon the exhaust
process are gas-velocliiy parsmeter, initlal ges-pregsure ratio, and
erfective exhaust-valve closing angle, :

2. The factors that have an insignificent offect upon the
exhaust process (oxcept perhsrs at extremely high spoeds) aro effec-
tive exhaugt-valve opening angle, compression ratio, and ratio of
crank throw to connecting-rod length,

3. The recommended wmaximum value foir the gas-velocity paramotier
ig 0.325,

4, For lar:e valuss of the gas—velocitj parameter (abgve 0.275)
the best method of reducing the value of the ges-vnresgure ratio at
340° A.T.6. 18 to close the exhaust valve late.

5. For most practical engine opereting conditions, thé intake-
valve area has an ingignificant effect upon the exhaust process,
therefore there is no correct ratio of lutake-to exhauat-valve ares,
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8. For most practical engine operating conditions the intake-

manifold pressures does not have a significant effect upon the
exhaust process.

Alrcraft Engine Research Laboratory,

National Advisory Committee for Aeronautics,
Cleveland, Ohio, October 31, 1946.
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TABLE I — CAICULATED GAS-FRESSURE RATIO DURING FIRST PART OF EXHAUST PROCESS

s

1 Z 3 4 5 . 5 _ 1 8
a -7 [‘/9"60 N P i .
o, P (2 @ L) ) 06
A1) Fo/ P 71455 7+ I (7)(2) (se)
110 [5.33 1,000 - 0,000 0.000 ~0.636 |-0.636 =0.20
112 |9.13 .996 .026 .030 -.612 | -.642 -.31
115 |8.82 992 083 073 577 | -.650 -.50
120 |8.32 .9868 »122 142 ~.520 | ~.B62 ~,96
130 |7.36 972 . 228 280 -.414 | -.GT4 -+ 87
140 {6.49 .956 321 .3681 -.318 | ~.B3C - T
150 [5.72 .943 LA07 L4351 -.233 | -.684 - .68
180 15.04 830 .485 D30 -.150 | -.R80 -,61
170 [4.43 915 »559 601 =075 | -.676 . -,53
180 |3.90 .902 630 .868 000 | -.668 -.45
120 |3.45 .589 .698 J129 075 | -.664 -~ .40
200 (3.0 877 (65 788 150 | -.638 - .34
210 [2.7L .864 .832 -B45 233 | -.612 ~.28
220 12.43 . 833 .90L 203 L5019 | ~.584 -.25
230 j2.18 . 843 973 964 414 | ~,530 -.21
240 (1,97 .833 1.050 1,028 +520 | -.508 - 1T
250 1,80
[
a 2 V-
Ky = —éJ(y < 1) = 1.175.
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TARLE IT ~ CALCULATED GAS-PRESSURE RATTO DIRTNG SECOND PART OF EXHAUST PROCESS

1, 2 2 4 ) 6 T 1
a gin ix BJLEQ;E] F
ig. - A 8) - =
A.T.C.) (a) £+ fg\ R (7)(2)(a0)
280 1.80010.1894 1,133 1.088 0.636 |-0.462 -0,145
260 |1.655| .1860 1.228 1.170 770 | -.400 -.118
270 1.539¢ .1810 1,335 1.237 .92 -.325 -.082
280 1.4571 1755 1,42 1.309 1.072 - 23T -.081
200 11.398! 1706 1.809 1,408 1.241 | -,154 -.038
00 1.358] .l6868 1.781 1.5183 1.419 =100 -.024
310 11.334| .1638 1,970 1.652 1.580 | -.072 -.018
Ie0 1.316; .1614 2.171 1.794 1.692 -.102 -.023
550 1,29%| .15885 2.328 1.888 1.686 -.202 ~-,.045
340 1,243
8, _|/Fo Pe) ey (Pe\7 /Pe) 7
AR AT AV\FF T\®
b
Ko = L —2 _ . 5.120

National Advimory Cormittee
for Aeroneutics
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